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1.0 EXECUTIVE SUMMARY 
Forests and their products provide many benefits including clean water, recreation, wildlife habitat, 

wood products, energy, as well as carbon sequestration and climate change mitigation. This project 

assesses past and future carbon sequestration and mitigation potential across the forest sector of 

Pennsylvania with a focus on State Forest lands. This research resulted from a collaboration between 

the U.S. Forest Service and the Pennsylvania Department of Conservation and Natural Resources (PA 

DCNR). The objectives were to: 1) develop a baseline assessment of carbon stocks and sequestration 

rates on State Forests, 2) compare State Forest carbon stocks and carbon uptake (sequestration) rates to 

the other land ownerships in PA, and 3) evaluate the impacts of various forest management and product 

sector climate change mitigation scenarios on forest sector carbon sequestration through 2050.  

A complete analysis of forest sector carbon trends and climate change mitigation potential requires a 

systems-based approach, which examines net emissions from all forest sector components. These 

components include the forest ecosystem, harvested wood products, and the avoided emissions from 

substituting wood-based products for emission-intensive construction materials and fossil fuel-based 

energy. To conduct this research, we applied such a systems-based approach within a carbon modeling 

framework which includes: 1) a growth and yield based ecosystem modelτthe Carbon Budget Model of 

the Canadian Forest Sector, 2) a lifecycle harvested wood products modelτthe Carbon Budget 

Modelling Framework for Harvested Wood Products, and 3) published displacement factors to evaluate 

substitution benefits.  

The results presented here are to be viewed as estimates of carbon stocks, emissions, and mitigation 

potential. These estimates are contingent on the models and datasets used, which all contain some 

levels of uncertainty. Results of this analysis indicate that between 1990 and 2017 the forest ecosystem 

of State Forests stored on average an estimated 243.2 tonnes (metric tons) of carbon per hectare. This 

was greater than carbon storage on Private and Other Public lands, but less than National Forest lands. 

State Forests sequestered approximately 9.3 tonnes (metric tons) carbon per hectare from 1990 to 

2017. Carbon stocks are expected to continue to increase on public lands in the state, including State 

Forests causing forests to maintain a carbon sink through 2050. However, as forests age, the strength of 

this carbon sink is projected to decline due to increased mortality and lower growth rates. Of all 

ownerships, State Forests have relatively older stand ages which has led to the slower rates of carbon 

uptake over the past few decades. A loss of forestland on Private lands, combined with aging effects 

may cause Private lands to shift to a carbon source. However, when accounting for carbon stored in 

harvested wood products along with forest ecosystem, all ownerships in the state will maintain carbon 

sinks through 2050.  

Results of the mitigation analysis indicate that extending harvest rotations and increasing the proportion 

of wood commodities used for long-lived products have the highest mitigation potential between 2020 

and 2050. Combining multiple management actions that target rotations, residue use and productivity 

or other combinations of forest management and product strategies may also be effective. Scenarios 

aimed at increasing bioenergy production resulted in both reductions and increases in emissions 

depending on the feedstock used and the shift in the proportion of other wood products. While this 

study provides an evidence-based quantitative evaluation of the biophysical forest sector mitigation 

potential, it is critical to also consider the socio-economic effects as well as cost effectiveness and 
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feasibility of applying forest sector mitigation strategies. Carbon uptake and storage is just one of the 

many benefits that these diverse, multi-use forests provide. If enhancing carbon sequestration is a 

management goal, it is important to consider it along with other management objectives as well as its 

impacts on other critical forest benefits.  

Key Words 
Carbon storage and sequestration, climate change mitigation, bioenergy, wood products, Pennsylvania forests
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2.0 HIGHLIGHTS 
The results presented here are estimates and 
projections that are based on models and 
datasets containing a range of uncertainties.  

Forest Ecosystem 

¶ From 1990 through 2017, average 
carbon stock density was highest on the 
Allegheny National Forest, followed by 
State Forest lands, while stock density 
was lowest on Private lands. 
 

¶ The Allegheny National Forest 
experienced the greatest increase in 
forest ecosystem carbon stocks from 
1990 to 2017, while Private lands and 
State Forest lands had the lowest.  
 

¶ From 1990 through 2017, total 
ecosystem carbon stocks on State 
Forests have increased by an estimated 
7.7 million tonnes (9.3 t C ha-1) for a 
rate of about 0.29 million tonnes per 
year.  
 

¶ The rate of carbon sequestration has 
been declining across all ownerships 
and if current conditions and 
disturbance rates persist into the 
future, sequestration is expected to 
continue to decline through 2050. 
 

¶ The decline in the strength of the 
carbon sink is largely the result of forest 
stands aging.  State Forests have 
generally older age classes, with over 
70% of stands 80 years and older. While 
older forests typically store more 
carbon, their productivity (growth rate) 
is lower and emissions are higher due 
to greater morality and respiration from 
decay of dead organic matter. 
 

¶ Results here indicate that forest 
ecosystem emissions on Private lands 

would have been roughly 20% lower in 
2017 if there had not been forest cover 
loss from 1990 through 2017.  

 

Harvested Wood Products 

¶ From 1990 to 2017, HWP from State 

Forests sequestered roughly 2.8 million 

tonnes of carbon (3.4 t C ha-1) for a 

rate of about 0.10 million tonnes per 

year, which accounts for roughly 11% of 

all carbon sequestered in wood 

products in the state.  

 

¶ HWP accounted for approximately 30% 
of this increase in carbon storage for 
State Forests, while the forest 
ecosystem which mostly experienced 
increases in aboveground live biomass, 
accounted for the other 70%. 
 

¶ Private forests followed by State 
Forests have accumulated the most 
carbon in HWP per hectare since 1990. 
 

¶ Across ownerships most of the 
harvested wood carbon has been 
stored in sawlogs followed by 
pulpwood. The majority of HWP 
emissions are from short-lived products 
including the use of mill residues for 
bioenergy and pulpwood. Products with 
longer retention times store carbon for 
longer and thus have lower annual 
emissions. 
 

Forest Sector Mitigation  

¶ Of the 10 mitigation scenarios we 
evaluated on State Forests, extending 
harvest rotations to 130 years, which 
results in a decrease in annual harvest 
removals, is projected to have the 
greatest cumulative mitigation benefit 
from 2020 through 2050, reducing 
emissions by an estimated 6%.  
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¶ A portfolio of management scenarios 
that were applied simultaneously 
including a more modest extended 
rotation (100 years), increasing 
productivity, and collecting additional 
harvest residues for bioenergy ranked 
second, reducing cumulative emissions 
by roughly 3.7% by 2050.  
 

¶ Increasing the proportion of 
commodities used for long-lived wood 
products also had a mitigation potential 
(2.7% emission reduction) because it 
reduced HWP emissions and displaced 
emissions from alternative fossil fuel 
intensive materials. 
 

¶ Of the bioenergy scenarios evaluated 
here, increasing the use of logging 
residues for bioenergy had a mitigation 
benefit (1.4% emission reduction) as 
well as shifting harvested wood from 
pulpwood production to bioenergy 
(1.7% emission reduction).  
 

¶ Shortening harvest rotations and using 
the additional roundwood for bioenergy 
is projected to increase cumulative 
emissions by an estimated 3.2% by 
2050. However, it may take several 
decades and multiple rotations for the 
forest system to accrue the carbon 
removed from additional harvesting 
and emitted from biomass burning. 
 

¶ Shifting materials from long-lived 
products to bioenergy is also projected 
to cause a small net increase in 
emissions of approximately 0.96% by 
2050. 
 

¶ If forest loss due to natural gas 
expansion or urban development were 
to continue to expand across State 
Forests, the impacts of deforestation 
(4,700 ha by 2050) may cause a 

cumulative 1.6% increase in emissions 
by 2050. The impacts of deforestation 
would continue to accrue overtime as 
each year the carbon that would have 
been sequestered in growing trees is 
foregone.   
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3.0 INTRODUCTION 
Since the industrial era, human activities including fossil fuel burning, land use change and agriculture 
have led to the dramatic rise of greenhouse gas (GHG) emissions altering the ǇƭŀƴŜǘΩǎ ŎƭƛƳŀǘŜ (IPCC 
2007). The increase ǘƘŜ 9ŀǊǘƘΩǎ surface and ocean temperatures have contributed to numerous changes 
such as increased rate and severity of tropical storms and wildfires, sea-level rise, droughts, and species 
declines (NCA 2014). The Intergovernmental Panel on Climate Change suggests that significant 
reductions in GHG emissions will be needed to avoid the most harmful effects of climate change, 
recommends that this be achieved across all economic sectors (IPCC 2013).  

Forests provide a variety of benefits including recreation, wood products, clean water, and carbon 
uptake (sequestration) and storage (Janowiak et al. 2017). The potential of forests to play a vital role in 
mitigating climate change has long been recognized, but also remains uncertain (Canadell and Raupach 
2008, Lundmark et al. 2014, Wieder et al. 2015). As forests grow, they sequester carbon dioxide (CO2) 
from the atmosphere, which offsets some fraction of human-caused GHG emissions.  In the United 
States, forests make up the largest terrestrial carbon sink, offsetting roughly 12% to 19% of the GHG 
emissions from fossil fuel burning (Ryan et al. 2010, US EPA 2015).  Assessing forest carbon trends and 
the factors that influence carbon sequestration and emissions in the forest sector can help to improve 
our understanding of the opportunities for forests and their products to play an enhanced role in the 
mitigation of climate change.   

Forest sector mitigation strategies may be diverse and target land use change, forest ecosystems, 
and/or the wood products sector. For instance, strategies may aim to increase or maintain the area of 
forestland by reducing deforestation or implementing reforestation activities. Another option is to apply 
silvicultural treatments or to modify management practices to increase forest carbon density. On the 
other hand, reducing stand density in some forests may be necessary to enhance resistance to more 
frequent and severe disturbances that can have more damaging effects on carbon storage (Hurteau and 
North 2009). Also harvested wood products could be utilized in place of products that require more 
fossil-fuel energy to produce (e.g., steel, concrete, and plastic) Wood-based fuels (bioenergy) could be 

used directly in place of fossil-
fuel energy under some 
circumstances (Canadell and 
Raupauch 2008, Malmsheimer et 
al. 2008, McKinley et al. 2011, 
Birdsey et al. 2018).    

Accurately quantifying how 
biophysical processes and 
management have impacted 
forest carbon dynamics 
historically is a necessary first 
step if the goal is to implement 
effective mitigation strategies 
now and in the future. The 
exchange of carbon between the 
forest and the atmosphere is 
driven by complex and 
interacting processes including 

 
Elk State Forest, Photo by Alexa Dugan, U.S. Forest Service 
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growth and mortality, decay of dead organic matter, climate variability, the amount of CO2 in the, and 
natural and human-caused disturbances (Ryan et al. 2010). Ecosystem carbon models that integrate 
forest inventory datasets (e.g. Forest Inventory and Analysis; https://www.fia.fs.fed.us/), and remotely-
sensed disturbance and land use change products (e.g., Hansen et al. 2013, Homer et al. 2015, Goward 
et al. 2016) make it feasible to estimate forest carbon stocks and emissions. These tools and datasets 
also enable an assessment of the impacts of different factors on past and future carbon dynamics 
(Zhang et al. 2015, Raymond et al. 2015).  

Carbon that is removed from the atmosphere by forests can be stored in the forest ecosystem in living 
biomass, coarse and fine litter (both above and belowground), and soil organic matter. Carbon is also 
stored outside the ecosystem in harvested wood commodities such as building materials and furniture. 
To fully evaluate forest carbon trends and management strategies that reduce forest sector emissions, it 
is necessary to use a systems approach that looks beyond the forest ecosystem. Carbon storage and 
emissions also need to be evaluated in the product sector, as well as the substitution benefits of using 
wood products in place of emission intensive materials and fuels (Nabuurs et al. 2007, Lemprière et al. 
2013, Smyth et al. 2014). 

We applied a systems-based approach to evaluate forest sector carbon sequestration and mitigation 
potential across the forests of Pennsylvania. Increasingly, state governments have pledged their support 
for reducing carbon emissions to mitigate the most harmful effects of climate change (Ray and Grannis 
2015). State Forest lands comprise approximately 17% of the total forestland in the U.S. (Dilling et al. 
2013) making them an important component of the U.S. carbon cycle. Although most of the 6.9 million 
hectŀǊŜǎ ƻŦ tŜƴƴǎȅƭǾŀƴƛŀΩǎ ŦƻǊŜǎǘland are privately owned, State Forests account for roughly 890,000 
hectares (13%) which are managed by the Pennsylvania Department of Conservation and Natural 
wŜǎƻǳǊŎŜǎ όt! 5/bwύΦ !ǎ ŀ ƭŀƴŘ ǎǘŜǿŀǊŘ ŀƴŘ ǘƘŜ ǎǘŀǘŜΩǎ ƭŜŀŘƛƴƎ ŎƻƴǎŜǊǾŀǘƛƻƴ ŀƎŜƴŎȅΣ ǘƘŜ PA DCNR has 
identified climate change as a principal forest stressor in Pennsylvania (DCNR 2015) and has outlined a 
strategic framework to address climate change through mitigation and adaptation (DCNR 2018). The 
latest PA DCNR Climate Change Adaptation and Mitigation Plan (DCNR 2018) has identified specific 
actions to enhance carbon sequestration on State Forest lands including adjusting timber rotations and 
avoiding conversion of forest to non-forest. We collaborated with the PA DCNR to evaluate past and 
prospective forest carbon trends and the biophysical impacts of a range of forest management and 
harvested wood products mitigation scenarios for State Forests and other ownerships in the state.  

This study builds on past work that demonstrated the data, modeling tools, and analytical framework 
needed to evaluate forest sector climate change mitigation using case studies for selected sites in North 
American (Olguin et al. 2018, Smyth et al. in press, Dugan et al. in review). In this study, we worked in 
partnership with a land management institution to move from case study to the application of a carbon 
modeling framework to support land managers in their t decision-making. However, we only assess the 
biophysical impacts of forest sector scenarios. An analysis of the socioeconomic implications and the 
costs, feasibility, or impacts on other ecosystem services associated with implementation of 
management strategies was outside the scope of this work.   

Estimates of forest sector carbon stocks and emissions as well as mitigation potential were derived from 
forest inventory data and remotely sensed land-use change and disturbance datasets within a carbon 
modeling framework that includes: 1) a growth and yield based ecosystem modelτthe Carbon Budget 
Model of the Canadian Forest Sector, 2) a lifecycle harvested wood products modelτthe Carbon Budget 
Modelling Framework for Harvested Wood Products, and 3) published displacement factors for 
substituting wood fiber for fossil fuel-based energy or products.  

 

https://www.fia.fs.fed.us/
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3.1 Forest Sector Carbon Flows 
Forests interact with the atmosphere by both absorbing and emitting carbon. Live vegetation absorbs 

carbon from the atmosphere and stores it in the roots, wood, leaves, and bark of trees. As trees 

continue to grow, they periodically shed leaves and dead branches while some trees die. Microbes in the 

soil work to break down and decompose this dead organic matter, which releases CO2 back into the 

atmospheric (decomposition) (Fig. 1).  

 

Figure 1. Forest sector carbon pools and flows (Heath et al. 2003, Birdsey et al. 2014).  

Disturbances such as insects, fires, and abiotic events (wind, tornado) emit carbon into back to the 

atmosphere either via combustion (fires) or by increasing the amount of dead wood which then 

decomposes. Harvesting also removes carbon from the forest. During harvests, some logging residues 

may be left onsite to decompose. However, most harvested wood is transferred to the product sector to 

be used for products or fuel. Wood products can store carbon for years to centuries depending on the 

type of commodity (e.g., saw logs, pulpwood, panels). Durable wood products can then be used in place 

of other higher carbon emitting products such as steel, concrete, or plastics or wood-based fuels 

(bioenergy) can be used in place of fossil fuel energy. When products a retired they may be disposed of 

in landfills where they may slowly emit CO2 and methane (CH4), a very potent greenhouse gas, back into 

the atmosphere as they decompose. Retired products may also be burned which releases carbon back 

into the atmosphere, or the energy may be captured, replacing fossil fuel energy. After disturbance 

events or harvests forests will re-establish and over time recover all (or more) of the carbon that had 

been released, thus completing the carbon cycle (Ryan et al. 2010, McKinley et al. 2010).  
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Environmental factors 

including atmospheric CO2 

concentration and climate 

can impact the rate of tree 

growth and decomposition 

thus impacting the flow of 

carbon between the 

atmosphere and the forest. 

Human activities such as 

burning of fossil fuels, 

widespread use of organic 

fertilizers, and changes in 

land use have been known to 

increase atmospheric CO2 and 

nitrogen deposition. 

Generally, increases in 

atmospheric CO2 or nitrogen 

deposition act as forest 

fertilizers, enhancing growth 

and the rate of carbon uptake 

(Pan et al. 2009, Keenan et al. 

2013).   

Elevated concentrations of 
CO2 and other GHGs due to 
human activities have led to 
climatic changes including 

warmer temperatures and regional shifts in precipitation (Walsh et al. 2014). In some regions, warmer 
temperatures can cause moisture stress and more rapid decomposition of surface and soil C (Ju et al. 
2007), thus increasing C emissions. In high latitude or altitude locations, warmer temperatures can 
enhance tree growth (Way and Oren 2010). Drought conditions can reduce tree growth both during the 
drought and up to several years after, in turn making forests less able to absorb CO2 (Anderegg et al. 
2015). On the other hand, increased precipitation and humidity can enhance tree growth and C uptake 
(Nemani et al. 2002). 

 

 

4.0 METHODS 
4.1 Study Area 

Pennsylvania contains roughly 17 million acres (6.9 million hectares) of forested land consisting of 
mostly mixed-oak and northern hardwood species. It includes some of the largest contiguous blocks of 
forestland east of the Mississippi River. Pennsylvania forests are predominately privately owned (70%).  
Private ownership is made up of family forest owners (52%), corporations (13%), conservation 
organizations and hunting clubs (5%). Although family forest owners hold over half of PA forestlands, 

Box 1 ς The six forest sector carbon pools used in this report. 

Aboveground live τ The above-ground portions of all live woody 
and herbaceous vegetation, including branches, stems, and foliage. 
 
Belowground live ς All live woody vegetation stored below-ground 
including living coarse and fine roots. 
 
Dead wood τ Standing dead trees including coarse nonliving 
roots. Down dead wood, also known as coarse woody debris, 
includes all nonliving woody biomass lying on the ground 
(branches, tops, stumps) 
 
Forest floor ς Includes the litter, fumic, and humic layers and all 
nonliving foliage and fine root biomass lying on the ground above 
the mineral soil. 
 
Soil carbon ς Includes all organic material in the mineral soil below 
the forest floor to a depth of 1 m but excluding coarse roots of the 
pools mentioned earlier.  
 
Harvested woodτ All products in use and in landfills. Products in 

use include end-use products that have not been discarded. 

Products in landfills where most carbon is stored long-term and 

only a small portion of the material is assumed to degrade at a 

slow rate.  
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only 14% is under management plans (Albright et al. 2014). The other 30% of PA forestland is under 
public ownership. PA State Forests comprise 13% of the forested area in the state, making it one of the 
largest areas of publicly owned forestland in the Eastern U.S. Other local or state owned forests 
comprise 14% and include PA State Parks and other city and municipal forests. The federal Allegheny 
National Forest occupies roughly о҈ ƻŦ ǘƘŜ ǎǘŀǘŜΩǎ ŦƻǊŜǎǘŜŘ ŀǊŜŀ (Fig. 2).  

 

 

Figure 2. Land ownership map of Pennsylvania. Ownership data is provided by the USGS Protected Areas 
Database and the Pennsylvania Department of Conservation and Natural Resources. Elevation base data 
are provided by the USGS National Atlas of the USA.  

 

The state is dominated by hardwood forests occupying 97% of forested stands. Of the U.S. Forest 
Service Forest Inventory and Analysis (FIA) forest type groups, Oak/Hickory (54%) and 
Maple/Beech/Birch (33%) are the dominant forest types groups in the state (Albright et al. 2014).  
Pennsylvania produces more hardwood lumber than any other state making the timber industry an 
ƛƳǇƻǊǘŀƴǘ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǎǘŀǘŜΩǎ ŜŎƻƴƻƳȅΦ  

Like many forests in the northeastern U.S., recent forest structure and associated carbon trends are 
strongly linked to the history of unregulated timber harvests and the conversion of forestland to 
agriculture, followed by a period of recovery and restoration beginning in the early to mid-20th century 
(Birdsey et al. 2006). For much of the 19th century, the U.S. timber industry was centered in the 
Northeast. However, the depletion of merchantable timber and the settlement of the western U.S. 
caused the logging industry to move westward.  By 1900, some 300 years after Euro-Americans first 
settled the region, the need for forest restoration and protection became evident (Conrad et al. 1997). 
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In the 1940s, the timber industry in the northeastern U.S. started to accelerate again. Timber production 
increased throughout much of the mid-1900s, peaked in the late 1980s and then declined rapidly in the 
1990s and 2000s (Loeffler et al. 2014). This history of timber harvesting and forest restoration in the 
northeast played an important role in shaping forest carbon dynamics over time. These effects of 
historic land use and management are evident in the stand age structure (Fig. 2a) which shows a peak in 

stand establishment in the early to mid-
20th century and contains generally 
older stands which store more carbon 
but are less productive than younger 
forests (Fig. 2b).  
 
In addition to timber harvesting, natural 
disturbances including windstorms and 
insects can also impact forest carbon 
dynamics in Pennsylvania. One of the 
most pervasive and damaging pests has 
been the Emerald Ash Borer (EAB). By 
2017, all 67 counties in PA were infested 
with EAB (PA DCNR). After a tree has 
been infested, it may take up to 3 years 
for the damage to become apparent 
and up to 5 years for the tree to die. 
However. ash trees only make up about 
оΦс ǇŜǊŎŜƴǘ ƻŦ tŜƴƴǎȅƭǾŀƴƛŀΩǎ ŦƻǊŜǎǘs 
(Liu 2013). The spread and severity of 
insect outbreaks, pathogens, and 
invasive plant species are projected to 
intensify with continued warming 
trends associated with climate change 
(Dukes et al. 2009).  

The principal scope of this analysis is the 
State Forest lands (SFL) within 
Pennsylvania. The PA DCNR is 
responsible for the management of the 
890,000 ha (2.2 million acres) of SFL. 
While this study primarily focuses on 
the carbon dynamics on SFL, we provide 

similar analyses across all ownerships in the Commonwealth (see Appendix) as well as compare carbon 
trends between SFL and other ownerships.  

 

4.2 Modeling Framework 

To fully evaluate baseline carbon stocks and emissions as well as forest sector mitigation scenarios we 
implemented a systems approach by utilizing an integrated modeling framework. A systems approach 
encompasses carbon accounting in the three interconnected components that make up the forest 
sector: (1) the forest ecosystem, (2) harvested wood products, and (3) the substitution of bioenergy for 

 

 
Figure 2. (a) Stand age distribution and (b) growth and 
yield curves, which represent annual carbon accumulation, 
by forest type for State Forest lands in Pennsylvania.  
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fossil fuels and wood products for more fossil-fuel intensive building materials (Fig. 3) (IPCC 2007, 
Nabuurs et al. 2007, Lempriere et al. 2013, Smyth et al. 2014).  

 

 

Figure 3. Systems based approach encompassing the forest ecosystem (which includes land-use change), 
harvested wood products, and the substitution of wood for fossil fuels and emission-intensive building 
materials, and the modeling tools utilized for each component.  

 

4.2.1 Forest Ecosystem  

We first modeled forest ecosystem carbon dynamics with the Carbon Budget Model for the Canadian 
Forest Sector (CBM-CFS3) (Kurz et al. 2009), which we configured for Pennsylvania forest types. CBM-
CFS3 is a spatially referenced, landscape scale, growth and yield based, carbon accounting model 
compliant with United Nations Framework Convention on Climate Change (UNFCCC) and the 
Intergovernmental Panel on Climate Change reporting guidelines (IPCC 2003). CBM-CFS3 has been used 
extensively to evaluate forest carbon budgets and mitigation potential both in Canada (Stinson et al. 
2011; Smyth et al. 2014, 2018; Xu et al. 2018) and abroad (Pilli et al. 2013, Olguin et al. 2018).  The 
model tracks carbon stocks and transfers through 10 biomass pools and 11 dead organic matter pools. 
Although forests absorb CO2 from the atmosphere via photosynthesis, disturbances such as fires also 
emit CO and CH4. Thus, we used 100-year global warming potentials (GWP) to convert all gases to CO2 
equivalents (CO2e). Within the CBM-CFS3 model, atmospheric CO2 enters the forest ecosystem via 
photosynthesis and is stored as carbon in living biomass. Disturbances and biomass turnover (mortality 
and litterfall) transfer carbon from living biomass pools to the dead organic matter (DOM) and soil 
carbon pools and back to the atmosphere (Fig. 4). Harvesting transfers carbon from the ecosystem to 
the products sector (timber and biomass production and consumption systems).  
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The CBM-CFS3 model uses a gain-loss approach to carbon accounting. This requires data on stand 
attributes from a single inventory year plus information on carbon gains (growth and 
afforestation/reforestation) and carbon losses (deforestation, disturbances, harvests, and mortality). 
This method of carbon accounting makes it possible to isolate the effects of individual factors on carbon 
dynamics, which is critical for mitigation analysis.  We compared ecosystem carbon stocks during the 

 

Figure 4. A schematic of the CBM-CFS3 model (Figure 1 in Kurz et al. 2009). Atmospheric carbon 
enters the forest ecosystem via photosynthesis and is stored in living biomass. Disturbances, biomass 
turnover (mortality and litterfall), and decomposition transfer carbon from biomass to the dead 
organic matter (DOM) and soil pools and back to the atmosphere.  Harvesting transfers carbon from 
the ecosystem to the products sector.  
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historical period (1990-2017) modeled using CBM-CFS3 to results of the Carbon Calculation Tool (CCT). 
The CCT model uses a stock-change approach to summarize the available Forest Inventory and Analysis 
(FIA) data using allometric equations (Smith et al. 2010; Woodall et al. 2011).  

We employed a spatially referenced approach in which each record in the model represents a stand 
within the landscape with similar attributes but where the location of the stands within the unit is not 
specified. Stands are stratified by a set of classifiers, which are then used to target specific stands for 
disturbance and management activities and to apply specific growth and yield curves. For Pennsylvania, 
we defined seven classifiers: (1) Ownership (Private, State Forest, Other Public, Forest Service), (2) 
Forest Type Group based on the FIA classification, (3) Unit (east versus west) based on groupings of FIA 
sampling units and counties, (4) stand origin (planted versus natural), (5) protected status (eligible for 
harvest or not), and (6) wood type (softwood versus hardwood) in order to target harvests when the 
harvested forest type is unknown  

We utilized CBM-CFS3 default 
model parameters for volume-to-
biomass conversions, dead organic 
matter turnover rates, and 
merchantable tree proportions. We 
then replaced select default 
parameters to capture the 
biophysical conditions in 
Pennsylvania. For instance, we 
replaced the mean temperature 
with the 30-year mean annual 
temperature for the state of 
Pennsylvania (PRISM Climate 
Group). We also updated the 
nonforest soil carbon values used 
for stand initialization to reflect 
average cropland soil carbon in 
Pennsylvania (Potter et al. 2006). 

CBM-CFS3 requires several key data 
inputs including a detailed forest inventory for the starting year, data on historical disturbances and land 
use change, and growth and yield curves. For forest inventory data, we used the 2017 PA DCNR 
vegetation typing spatial database for State Forest lands and the USFS Forest Inventory and Analysis 
(FIA) database for the 2015 inventory (USDA Forest Service 2017) for all other ownerships. In addition to 
the classifiers described above, stands were also grouped by stand age and assigned an area from the 
inventory data. We rolled-back the forest inventory stand ages to the start of the simulation (1990) to 
estimate the stand ages for the starting year. For any stand that established between 1990 and the year 
of the inventory (2017 for SFL and 2015 for FIA), a statistical rule based algorithm was applied to assign 
stand age (Kurz et al. 2016). We converted the PA DCNR vegetation typing forest types to FIA forest type 
groups. Growth and yield curves describing the merchantable volume as a function of stand age (ex. Fig. 
2b) were derived for each ownership and forest type combination from the Carbon On-Line Estimator 
(COLE) (Van Deuson and Heath 2010) which is based on FIA plot data.  

We used land cover change (LCC) from the National Land Cover Database (NLCD) 1992/2001 retrofit 
product (Fry et al. 2009) and the 2001 and 2011 products (Homer et al. 2007; 2015) as a proxy for land 
use change (LUC; deforestation and afforestation) (Table 1). We constrained the NLCD product by 

 
Elk County, Pennsylvania. Photo by Alexa Dugan, U.S. Forest Service 
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excluding any changes between forest and grassland/herbaceous, to reduce the likelihood of 
harvests/regrowth being classified as LUC. Mean annual rates of afforestation/reforestation and 
deforestation from 2002-2011 were applied to the remainder of the simulation period (2012-2050). LUC 
was minimal as any new development (roads, structures, rights of way) have mostly been limited to 
non-forest lands within the State Forest system (Shawn Lehman, PA DCNR, pers. communication), thus 
we did not include LUC for State Forest lands. In addition, LUC was minimal on the Allegheny National 
Forest, thus was also excluded from the simulation.   

The historical annual area disturbed was derived from the North American Forest Dynamics-NASA Earth 
Exchange (NAFD-NEX) product which was derived from 30-m resolution Landsat imagery from 1986-
2010. Following Mascorro et al. 
(2014), we attributed the causes of 
disturbances to fires using 
Monitoring Trends in Burn Severity 
(MTBS) database (Eidelshink et al. 
2007) and the Fire Information for 
Resource Management System 
(FIRMS) database (ESDIS 2015), and 
insect, defoliators, and abiotic 
factors using the Forest Service 
National Insect and Disease Survey 
(Johnson and Wittwer 2008) (Fig. 
5). For the Allegheny National 
Forest we utilized spatially-explicit 
manually verified disturbance and 
harvest maps which includes 
disturbance type, year, and 
magnitude (Healey et al. 2014, 
Raymond et al. 2015, Dugan et al. 
2017). Although insects are the 
dominant disturbance type, the 
annual area impacted by any disturbance is small relative to the total area of forestland (Fig. 5). We 
applied 10-year average rate of historical disturbances from 2001-2010 to the rest of the simulation 
period (2011-2050).  

We used the FIA Timber Product Output (TPO) data retrieval system 
(https://www.fs.usda.gov/srsfia/php/tpo_2009/tpo_rpa_int1.php) to determine the volume of 
softwood and hardwood roundwood removed from 1991-2012 on Private, State, and Other Public 
forests. For Private and Other Public lands, the removals were then divided into clearcut (85% 
merchantable stemwood removal) and partial cut (45% merchantable stemwood removal) based on 
data from Oswalt and Smith (2014) and were used throughout the simulation. For State Forests, we 
used data from the PA DCNR annual timber reports to breakdown volume removals on State Forest 
lands into the following treatment categories: clearcut (85% merchantable stemwood removal), clearcut 
with salvage (85% merchantable stemwood and 50% standing dead wood removal) partial cut (45% 
merchantable stemwood removal), partial cut with salvage (45% merchantable stemwood and standing 
dead removal), and salvage only (50% standing dead removal). For use in the CBM-CFS3 model we 
converted volumetric roundwood removals to biomass using specific gravities from the FIA database 
(USDA Forest Service 2017) and equations for calculating biomass from Woodall et al. (2011) and then to 
carbon by multiplying biomass by 0.5 based on the assumption that biomass is 50 percent carbon (Fig. 

 

Figure 5. Area disturbed by type from 1991-2017 for 

Pennsylvania forests. Lighter bars represent historical 10- 

year average disturbance rates. 
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6). We applied 10-year average rate of removals from 2003-2012 to the rest of the simulation period 
(2013-2050).  

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 Harvest Wood Products and Substitution Benefits  

Carbon in wood harvested from the CBM-CFS3 simulations was then transferred to the Carbon Budget 
Modelling Framework for Harvest Wood Products (CBM-FHWP) which quantifies emissions through the 
harvested wood product (HWP) sector. CBM-FHWP accounts for emissions from manufacturing of 
commodities, bioenergy, mill residues, domestic use and export, and post-consumer treatment of 
retired products (Fig. 7). Lƴ ǘŀƪƛƴƎ ŀ ǎȅǎǘŜƳΩǎ ŀǇǇǊƻŀŎƘΣ Ǌather than assuming that harvested wood was 
instantaneously oxidized in the forest ecosystem, causing harvest emissions to be counted in the forest 
ecosystem, all emissions from wood harvested from the forest ecosystem are tracked in the HWP sector 
using the CBM-FHWP model. 

Harvested roundwood, salvaged wood, and residues (tops, stumps, limbs) enter the product sector to be 
processed into various commodities. We used the FIA TPO data to determine the proportion of 
harvested roundwood manufactured for the commodity classes including saw logs, veneer logs, 
pulpwood, composite panels, fuelwood (bioenergy), posts/poles/pilings, and other industrial products 
(Fig. 8), as well as the disposition of mill residues to commodities, bioenergy, or disposal. National 
statistics on the proportion of commodities exported outside of the U.S. versus consumed domestically 
were obtained from the U.S. Timber Production, Trade, Consumption, and Price Statistics, 1965ς2013 
Report (Howard and Jones 2016, their Table 5a). The half-life of each commodity defines the decay rate 
at which carbon in the product-in-use category is spent and is transferred to the discarded category.

 

Figure 6. Merchantable carbon removals for by ownership from 

1991-2017. Lighter bars (2013-2017) represent historical 10-year 

average removals. 
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Figure 7. The fate of carbon in harvested wood products (HWP). The CBM-FHWP tracks stocks and emission through the lifecycle of 

manufactured commodities, exports, milling, product retirement, and bioenergy combustion.  
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Commodity in-use half-lives were assumed to be 40 years for saw logs, veneer logs, other industrial, and 2 
posts, poles, and pilings, based on average values from Skog (2008) and IPCC (2013), 27 years for 3 
composite panels, 3.25 years for pulpwood (IPCC 2013), and zero years for fuelwood (bioenergy) 4 
assuming fuelwood was burned the year it was harvested. We assumed that all retired products were 5 
stored in landfills. 6 

To build up HWP stocks, we ran the CBM-FHWP model for the 50 years prior to the analysis period, from 7 
1940 to 1989.  This enabled the incorporation of HWP stocks and emissions that were produced prior to 8 
the analysis period but that are still in-use or have been retired during the analysis period. We assumed 9 
that historical timber product output increased steadily from 1940 through 1990 levels at a rate of 10 
approximately 2% per year following estimates from National Forest lands in the Northeast (Loeffler et 11 
al. 2014). We also applied the 10-year average disposition of harvested roundwood commodity classes 12 
from 1990-1999 to this spin-up period.  13 

The substitution benefits of utilizing bioenergy to displace fossil fuel energy and wood products to 14 
displace more fossil fuel intensive building materials was also included in this systems approach. 15 
Average displacement factors, which were calculated at the national level for Canadian forests were 16 
applied to bioenergy and long-lived wood products (saw logs and composite panels).  17 

We utilized the following average displacement factors: 0.54 tonnes of carbon (tC) displaced per tonne 18 
of carbon (tC) of sawnwood, 0.45 tC displaced per tC of panels, and 0.89 tC displaced per tC of bioenergy 19 
(Smyth et al. 2016). To calculate the avoided emissions for each product type, the displacement factor is 20 
then multiplied by the quantity of C utilized for bioenergy or longer-lived products (Smyth et al. 2014). 21 
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Figure 8. Annualized proportions of roundwood removals in each 
commodity class for Pennsylvania. Lighter colored bars from 2012-
2017 indicate historical 10-year averages applied from 2013 through 
2050.  
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4.2.3 Mitigation Analysis 

We evaluated ten mitigation scenarios that target the forest ecosystem and/or the product sector 
beginning in 2020 (Table 1). Scenarios or scenario intensities sometimes target individual ownerships.  
The mitigation effect is calculated as: 

M = ES ς EB 

Where M is the mitigation effect, EB is the baseline scenario emissions and ES is the mitigation scenario 
emissions. By calculating mitigation as the difference between the net GHG emissions of the mitigation 
scenario and of the baseline scenario the ŀƴŀƭȅǎƛǎ ŀŎŎƻǳƴǘǎ ŦƻǊ άŀŘŘƛǘƛƻƴŀƭƛǘȅέ ōȅ ƛǎƻƭŀǘƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ 
each mitigation activity while factoring out effects common to the scenarios. For each scenario, net 
emissions were estimated as the sum of emissions from the three forest sector components: 

E = F + P + D 

Where E is the net GHG emissions, F is the net emissions from the forest ecosystem, P is the emissions 
from the products sector (includes bioenergy and landfill emissions), and D is the displaced emissions 
from substituting wood for bioenergy and other materials.  

! ōŀǎŜƭƛƴŜ άōǳǎƛƴŜǎǎ ŀǎ ǳǎǳŀƭέ ό.!¦ύ ǎŎŜƴŀǊƛƻ ƛƴǾƻƭǾŜǎ ǘƘŜ ǇǊƻƧŜŎǘƛƻƴ ƻŦ ŎǳǊrent trends based on the 
average of recent past observations of disturbance and management and land-use change over the last 
10 years of the historical period (2002-2011). For each scenario the baseline rates of disturbance and 
LUC were applied from 2012 through 2050 unless a particular activity was otherwise targeted by the 
mitigation activity. Insect disturbances were excluded from the simulation period due to the relatively 
small area of historical impacts and high uncertainty in the future affected area.. Furthermore, insect 
impacts in the baseline and the mitigation scenarios would be cancelled out in the mitigation analysis to 
isolate the mitigation activity. Also, even though they have been the most common disturbance in terms 
of area affected (Fig. 5), insect disturbances are typically low severity, often causing only temporary loss 
of leaf cover (defoliation). While recent ash mortality from the EAB has been significant, ash represent a 
small component (3.6%) of the forests in PA (Liu 2013).  

The ten mitigation scenarios are described in detail below and in Table 1.  

Scenario 1 ς Short rotation: The goal of this scenario was to reduce harvest rotations which 
increases the amount of wood harvested and increase average growth rates by shifting more stands 
to younger age classes. While this scenario targets all ownerships, we applied a more significant 
decline in harvest rotations on State Forests. To implement this scenario we reduced the minimum 
age for harvesting from 70-80 years (depending on forest type) to 40 years for all forest types on 
State Forest lands and from 40 years to 35 years for all other ownerships (National Forest, Private, 
Other Public). Reducing harvest rotations also results in an increase of the volume of timber 
harvests.  Thus we increased the merchantable carbon harvested by 20% from baseline levels for SFL 
and by 10% for all other landowners. All of the additional harvested wood was used for bioenergy.  

Scenario 2 ς Extend rotation, High: This mitigation scenario is essentially the opposite of the short 
rotation scenario in that it seeks to increase carbon stocks in the ecosystem by extending the 
rotation length. We achieved an extension in rotation length by increasing the minimum harvest age 
from 70-80 years (depending on forest type) to 130 years for all forest types on SFL and from 40 to 
60 years for all other ownerships. Extending harvest rotations also results in a reduction of timber 
removals. Thus we reduced removals by 20% from baseline levels on SFL and by 10% for other 
ownership classes. Extending rotations can also increase the size of merchantable trees making 
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them more likely to be used for long-lived wood (LLP) products, thus we also increased the 
proportion of wood for LLP by 5% while decreasing the proportion of wood for paper products by 
5%. 

Scenario 3 ς Extend rotation, Low: This scenario is a more modest version of scenario 2. We 
increased rotation length by reducing the harvest removals by 10% on SFL and by 5% on other 
ownerships. We also increased the minimum harvest age from 70-80 years to 100 years for SFL and 
from 40 to 50 years for other ownerships.  We increased the proportion of wood for LLP by 2.5% 
while decreasing the proportion of wood for paper products by 2.5%. 

Scenario 4 ς Increase deforestation: This scenario does not seek to achieve a mitigation benefit, but 
rather evaluate the potential carbon consequences of deforestation if human activities such as 
natural gas infrastructure were to further expand onto forested lands in the state. In the baseline 
scenario we assumed State Forests and the Allegheny National Forest did not experience 
deforestation. For this scenario, we ramped up deforestation starting with 50 ha of forest 
deforested on SFL every year from 2020 to 2024, then 100 ha per year from 2025-2029, 150 ha per 
year from 2030-2034, and 200 ha per year were deforested from 2035-2050. On the Allegheny 
National Forest, we similarly increased deforestation by 25 ha per year every five years until 100 ha 
per year were deforested from 2035-2050. On Other Public and Private lands deforestation was 
increased by 5% from historical levels for the period from 2020-2034 and by 10% from historical 
levels for the period 2035-2050.  

Scenario 5ς Increase residues: This scenario shifts all clearcut harvests from typical cut-to-length or 
tree-length logging which leaves some residues (tops, stumps, limbs) behind to whole tree removal 
which removes the entire trees leaving no residues on the forest floor to decay. The goal of this 
scenario is to increase the utilization of harvest residue materials for bioenergy. To implement this 
scenario we increased the percentage of residues that are removed during a clearcut harvest from 
70% (PA DCNR, Shawn Lehman, Pers. communication) to 100%. All additional residues collected 
were utilized for bioenergy.  

Scenario 6 ς Increase productivity: This scenario increases forest productivity by 15% through 
advanced silviculture, genetics, and site management. We do not propose specific silvicultural or 
land management practices, but rather assume that land managers may apply a range of practices 
that result in an average increase in productivity of 15%.  On SFL, this scenario targets 500 ha per 
year of existing Oak/hickory stands (the dominant timber forest typeύ ǿƘƛŎƘ ŀǊŜ Җ м5 years old. On 
Private lands, we target 1500 ha of existing Oak/hickory stands per year.  To simulate this increased 
productivity, stands affected follow a new growth curve generated by increasing the modeled 
Oak/hickory growth curves by 15% for the duration of the simulation period. 

Scenario 7 ς Portfolio: This scenario combines scenarios 2 (extend rotation, low), 5 (increase 
residues), and 6 (increase productivity) and represents an array of potential forest management 
activities that could be performed simultaneously. These activities interact with one another thus 
their impacts are not additive and must be modeled together. 

Scenario 8 ς Increase LLP:  The proportion of roundwood used for long-lived wood products (saw 
logs) are increased by a total of 10% per year, while paper products (pulpwood) are decreased by 
10% per year from average levels (Fig. 8). In the baseline scenario, 61% of harvested roundwood is 
used for sawlogs and 25% is used for pulpwood (Fig. 8). In this scenario 71% of roundwood goes to 
sawlogs and 15% of roundwood goes to pulpwood. Total removals from the forest are not changed, 
only the product mix is altered as simulated by the harvested wood product model. 
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Scenario 9 ς Increase bioenergy, decrease pulp and paper: The proportion of harvested wood used 
for bioenergy production is increased by 10% at the cost of pulp and paper products. Only the 
product mix is altered, but the total removals from the forest are not changed.  

Scenario 10ς Increase bioenergy, decrease LLP: The proportion of harvested wood used for 
bioenergy production is increased by 10% at the cost of long-lived wood products. Only the product 
mix is altered, but the total removals from the forest are not changed. 

 

Table 1. Indicators for the ten mitigation scenarios for Pennsylvania. The parameter changes are relative 

to the baseline scenario and all scenarios are implemented from 2020-2050. 

Scenario  Description  Parameter changed Parameter value 

Short rotation Increase harvests and reduce 
minimum harvest age. All 
additional harvested wood is used 
for bioenergy 

Harvested area 
Minimum harvest age 
HWP components changec 

+10%a, +20% SFLb 
35 yrsa, 40 yrs SFL 
Additional harvests to 
bioenergy 

Extend 
Rotation, high 

Extend the length of harvest 
rotation, reduce harvest removals, 
and increase the proportion of LLP 
at the cost of paper products (PP). 

Harvested area 
Minimum harvest age 
HWP components changec 

-10%a, -20% SFL 
60 yrsa, 130 yrs SFL 
LLP +5%, PP -5% 

Extend 
rotation, low 

Extend the length of harvest 
rotation, reduce harvest removals, 
and increase the proportion of LLP 
at the cost of paper products (PP). 

Harvested area 
Minimum harvest age 
HWP components changec 

-5%a, -10% SFL 
50 yrsa, 100 yrs SFL 
LLP +2.5%, PP -2.5% 

Deforestation Steadily increase the annual area 
deforested from 2020-2050. 

Deforestation rate +50 ha/yr SFL 
+25 ha/yr National Forest 
+5-10%/yr Private, public 

Residues Increase harvest residues collected 
for use in bioenergy to 100%. 

Residues recovered (%) 
HWP component changesc 

70% to 100% 
Additional residues to 
bioenergy 

Productivity Increase productivity of existing 
Oak/hickory stands through 
silvicultural activities. 

Growth curve 
Area affected 

+15% 
500 ha/yr SFL 
1500 ha/year Private 

Portfolio Combine the Extend Rotation 
(low), residues, and productivity 
scenarios. 

Harvested area 
Minimum harvest age 
Residues recovered (%) 
HWP components changec 

-5%a, -10% SFL 
50 yrsa, 100 yrs SFL 
70% to 100% 
LLP +2.5%, PP -2.5% 

Longer-lived 
products (LLP) 

Increase the proportion of 
harvested wood for LLP at the cost 
of pulp and paper (PP). 

HWP components changec LLP +10%, PP -10% 

Increase 
Bioenergy 
(decrease PP) 

Increase the proportion of 
harvested wood for bioenergy at 
the cost of pulp and paper. 

HWP components changec Bioenergy +10%, PP -10% 

Increase 
Bioenergy 
(decrease LLP) 

Increase the proportion of 
harvested wood for bioenergy at 
the cost of LLP. 

HWP components changec Bioenergy +10%, LLP -
10% 

a All land ownerships (National Forest, Private, Other Public) other than State Forest Land.  
b SFL stands for State Forest lands. 
c Refers to the HWP commodity proportions in Figure 8.  
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5.0 RESULTS 
 

5.1 Past and Prospective Carbon Stocks and Emissions in Forests and 

Wood Products  
In this section we examine results from the ecosystem model (CBM-CFS3) and the HWP model (CBMF-

HWP) of estimates of past and prospective carbon stocks and emissions.  As described in detail in the 

methods section, we evaluated prospective cŀǊōƻƴ ǘǊŜƴŘǎ ōȅ ƳƻŘŜƭƛƴƎ ǘƘŜ ōŀǎŜƭƛƴŜ άōǳǎƛƴŜǎǎ ŀǎ ǳǎǳŀƭέ 

scenario through 2050. We applied average historical rates of disturbances, management, and land use 

change over the last decade that data were available through the projection period. These estimates 

also assume that climate, atmospheric CO2, nitrogen deposition, and growth and yield relationships are 

constant throughout the historical and future periods. Results reported here show historical (1990-

2017) and projected (2018-2050) carbon stocks and emissions for each of the main ownership groups 

within PA, with a focus on State Forests. Corresponding figures for each of the ownership classes as well 

as all ownerships combined can be found in Appendix (Sections 11.3 to 11.6).  

It is important to recognize that the results presented here are approximations and estimates that 

depend on models, datasets, and assumptions each with varying levels of uncertainty.  For example, 

inventory data contains measurement errors (e.g. species identification, tree dimensions) and sampling 

errors (estimates are based on a network of plots, not a census). Disturbance and land use change maps 

may have omission and commission errors. Sources of model errors may be extensive. For instance, 

model error may be associated with stand volume models applied convert volumes to biomass and 

carbon, carbon pool models that allocate ecosystem stocks, decay rates that are influenced by climate 

and wood characteristics, and the impacts of disturbances on C estimated by disturbance matrix 

parameters (Kull et al. 2016), to name a few. Assumptions also impact results. For instance, here we 

assumed climate (temperature, precipitation, atmospheric CO2) remained constant throughout the 

simulation, and average rates of historical disturbances were applied into the future, which may not be 

a realistic representation of future conditions. Furthermore, all results beyond 2011 (the last year in 

which most input datasets were available), are projections. Therefore, values presented here are one 

representation of reality, but may differ from estimates using other models, datasets, parameters, and 

assumptions.  See section 6.4 for further discussion of uncertainty and limitations.  

In section 5.1.1 we report forest ecosystem carbon stocks and emissions. The net carbon balance of the 

forest sector includes emissions of carbon dioxide (CO2), methane (CH4), and carbon monoxide (CO) and 

are converted here to carbon dioxide equivalents (CO2e). Although forests absorb CO2 from the 

atmosphere via photosynthesis, disturbances such as fires also emit CO and CH4. We used global 

warming potentials (GWP) to convert all gases to CO2 equivalents (CO2e). Also, to avoid double counting 

emissions among components, we did not account for emissions associated with carbon transferred to 

the wood products sector as instantaneous oxidation from the forest ecosystem (Stinson et al. 2011). 

Instead carbon harvested from the forest is transferred out of the forest ecosystem and emissions 

associated with the harvested wood are tracked in the product sector. Forest ecosystem emissions 

without oxidation of removals are denoted here as GHGEco. Given the inclusion of these other GHGs as 

well as the tracking of emissions associated with harvest removals in the product sector, the fraction of 

GHG emissions to carbon stocks will be smaller than the ratio of their molecular weights (3.67). For 
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reference, we present forest ecosystem emissions with oxidation of harvested wood in Appendix section 

11.4, which are denoted as INVGHG following Stinson et al. 2011.  

In Section 5.1.2, we report on carbon storage in HWP and post-consumer use (i.e., landfill storage) and 

emissions associated with wood harvested from the ecosystem including transport, processing, 

bioenergy burning, and post-consumer uses (i.e., landfill emissions). The emissions related to harvests 

reported in section 5.1.1 (GHGEco) and emissions related to HWP reported in 5.1.2 can be combined and 

would not result in double counting.   

In Section 5.1. 3, we report the net carbon balance of the forest sector (section 5.1.3), which includes 

the combination of forest ecosystem and HWP stocks, as well as emissions associated with the forest 

ecosystem and HWP, and product/energy substitution (displaced emissions).  

In section 5.1.4, we explore the various factors that have influenced carbon stock and emission trends 

across the ownership classes in Pennsylvania.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 2 ς Carbon Units. The following table provides a crosswalk among various 

measurements units used in the assessment of carbon stocks and emissions.  

Tonnes Grams 

Multiple Name Symbol Multiple Name Symbol 

   100 Gram G 

   103 kilogram Kg 

100 tonne t 106 Megagram Mg 

103 kilotonne Kt 109 Gigagram Gg 

106 Megatonne Mt 1012 Teragram Tg 

109 Gigatonne Gt 1015 Petagram Pg 

1012 Teratonne Tt 1018 Exagrame Eg 

1015 Petatonne Pt 1021 Zettagram Zg 

1018 Exatonne Et 1024 yottagram Yg 

I hectare (ha) = 0.01 km2 = 2.471 acres = 0.00386 mi2 

1 tonne (metric) = 1.1023 short tons (U.S.) 
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5.1.1 Baseline forest carbon stocks and emissions 
5ŜǎǇƛǘŜ ǘƘŜ ƘƛƎƘ ǾŀǊƛŀōƛƭƛǘȅ ƻŦ ŎŀǊōƻƴ ǎǘƻŎƪǎ ŀƴŘ ǎǘƻŎƪ ŘŜƴǎƛǘȅ ŀƳƻƴƎ tŜƴƴǎȅƭǾŀƴƛŀΩǎ Ƴŀƛƴ ƻǿƴŜǊǎƘƛǇ 

classes, modeling results indicated similar trends across ownerships in the state. Total ecosystem carbon 

stocks and carbon stock density (amount of 

carbon stock per unit area) have increased 

across the four ownership classes in 

Pennsylvania over the historical period from 

1990 to 2017 (Fig. 9, Table 2). Our modeling 

estimates suggest that ecosystem carbon 

stocks across the commonwealth increased by 

approximately 77.5 MtC (11.6 t C ha-1) (Table 

2), or at a rate of about 0.41 tonnes C per ha 

per year since 1990. On SFL, total ecosystem 

carbon stocks increased from roughly 195.6 

MtC (236.4 t C ha-1) in 1990 to about 203.3 

MtC (248.7 t C ha-1) in 2017, for a net 

sequestration of roughly 7.7 MtC (9.3 t C ha-1). 

Between 1990 and 2017, National Forest 

ownership class (Allegheny National Forest) 

had on average higher carbon density than 

the other ownerships, followed by SFL. 

Although private owners comprise 70% of the 

forestland in the state and thus store much 

more total carbon than the other ownership 

classes combined (Table 2, 3), Private lands 

have consistently had the lowest carbon 

density (Table 4).  

If current conditions are maintained over the 

next few decades, ecosystem carbon stocks 

are projected to continue to increase and 

Table 2. Estimates of total change (sequestration) 

in forest carbon stocks and carbon stock density 

from 1990 to 2017 by ownership. 

Ownership Stock Density 
t C ha-1 

Total Stocks 
MtC 

State Forest  9.3 7.7 
Private 10.1 49.9 
National Forest 17.6 3.6 
Other Public 16.2 16.3 

All owners 11.1 77.5 

 

Table 3τEstimates of average forest carbon stocks (million tonnes carbon) from 1990-2017 by 

ownership class and carbon pool, Pennsylvania. Estimates include carbon on all land classes (forestland 

remaining forestland and conversions). 

 Carbon pool 

Ownership class 
Above- 
ground 

Below- 
ground 

Dead 
wood 

Forest 
floor 

Soil Total 

 MtC 
State Forest 59.7 13.7 30.8 15.6 80.9 200.6 
Private 314.1 74.0 189.0 93.3 507.5 1178.0 
National Forest 15.1 3.4 8.2 4.0 21.0 51.7 
Other Public  68.6 15.9 38.0 18.3 100.5 241.4 

All owners 457.6 107.0 266.0 131.2 709.9 1671.6 

 

 
Figure 9. Modeled total forest carbon stock density 
from 1990 to 2050 across ownership classes in 
Pennsylvania. Values beyond roughly 2011 are 
projected.  

200

220

240

260

280

300

1990 2000 2010 2020 2030 2040 2050

C
a

rb
o

n
 s

to
ck

s 
(t

 C
 h

a
-1

)

Year

SFL
Private
National Forest
Other Public



28 
 

forests will continue to sequester 

carbon. However, the rate of carbon 

sequestration is projected to decline 

across all ownerships (Table 5). For 

instance, from 1990-2000 SFL 

sequestered carbon at a rate of 0.48 

tonnes per ha, but from 2000 to 2010 

this rate declined to 0.33 tonnes C per 

ha and is projected to continue to 

decline in coming decades (Table 5). On 

Private lands, carbon stocks are 

projected to peak in 2036 and then 

decline through 2050, signifying the 

switch from an ecosystem C sink to a 

source. However, this does not account 

for the carbon removed from the forest 

ecosystem that continues to be stored in 

HWP.  Estimates indicate that National 

Table 4τEstimates of average forest carbon stock density (tonnes carbon per ha) from 1990-2017 

by ownership class and carbon pool, Pennsylvania.  

 Carbon pool 

Ownership class 
Above-  
ground 

Below- 
ground 

Dead 
wood 

Forest 
floor 

Soil Total 

 Tonnes C per ha 
State Forest  72.1 16.5 37.2 18.8 97.7 242.3 
Private 63.4 14.9 38.1 18.8 102.4 237.7 
National Forest 74.1 16.6 40.4 19.9 103.1 254.0 
Other Public  68.1 15.8 37.7 18.2 99.8 239.5 

All owners 65.2 15.3 37.9 18.7 101.2 238.3 

 

Table 5τEstimates of average annual change in carbon stock density (rate of sequestration) by 

ownership class per decade from 1991 to 2050, Pennsylvania. A negative value indicates a decrease 

in carbon stocks. 

 Period 

Ownership class 
1991-
2000 

2001-
2010 

2011-
2020 

2021-
2030 

2031-
2040 

2041-
2050 

 t C ha-1 yr-1 
State Forest  0.48 0.33 0.16 0.13 0.09 0.05 

Private 0.46 0.35 0.27 0.12 0.01 -0.08 
National Forest 0.52 0.75 0.69 0.61 0.52 0.41 

Other public  0.69 0.61 0.45 0.36 0.26 0.17 

All owners 0.32 0.28 0.18 0.08 0.00 -0.08 

 

 
Figure 10. Estimated percentage of carbon stock in each 
ecosystem carbon pool, averaged from 1990 through 
2017 by ownership. The sum of the five pools is the total 
ecosystem carbon.  
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Forest lands have consistently had the 

highest rate of sequestration, which 

have increased from 1990 through the 

early 2000s, but are also projected to 

decline in coming decades (Table 5).   

Across ownerships, the soil pool stores 

the majority of forest carbon, followed 

by the aboveground live carbon pool 

(Fig. 10, Tables 3, 4). On SFL, 40% of the 

forest carbon is stored in the soil, while 

30% is stored in the aboveground live 

biomass. Over the historical period, the 

majority of the increase in C stocks 

occurred in the aboveground live pool.  

However, in the projected period (2018-

2050), the forest floor and the dead 

wood pools are expected to experience 

the greatest increases as forests 

continue to age and experience greater 

mortality. 

Carbon emissions are typically reported from the perspective of the atmosphere. Thus a negative value 

indicates that the forest is a net sink, removing CO2 from the atmosphere (growth), whereas a positive 

value indicates the forest is a net source, emitting CO2 to the atmosphere (disturbance, mortality, 

decay).  The balance between absorption and emission determines the carbon balance of the forest. 

On average from 1990 through 2017, each ownership class in PA maintained net forest carbon sinks (Fig. 

11, Table 6). Annually individual forest ownerships absorbed between 0.4 and 3 million tonnes of CO2e 

per ha throughout this period (Fig. 11). However, as with ecosystem carbon stocks, the strength of the 

sink of CO2e has declined steadily since 1990 on State Forests, Private, and Other Public lands. 

Sequestration of CO2e steadily increased on 

the Allegheny National Forest until 2008, 

then began to decline. Pulses of increased 

emissions occurred during periods of 

elevated harvesting as wood was transferred 

out of the ecosystem. However, not all 

carbon was lost during harvesting as much of 

it is stored in harvested wood products (see 

section 5.1.2).  

From 1990 through 2017 forests in PA 

absorbed roughly 16 million tonnes (2.38 

tonnes per ha) CO2e per year from the 

atmosphere (Table 6, Fig. 11). The Allegheny 

Table 6. Estimated average annual net GHG emissions 

(CO2e) per ha for the forest ecosystem from 1990 to 

2017 by ownership class, Pennsylvania. Negative 

values indicate a net sink. Estimates include do not 

include emissions from the removal of HWP. 

 GHGEco  

Ownership  MtCO2e  tCO2e 
per ha 

 

State Forest  -1.60 -1.94  
Private -11.21 -2.26  
National Forest -0.56 -2.73  
Other Public -2.65 -2.63  

All owners -16.02 -2.38  

 

 

Figure 11. Modeled net GHG emissions per ha (t CO2e ha-

1) for the forest ecosystem from 1990 to 2017 by 

ownership class, Pennsylvania. Negative values indicate a 

net sink. Estimates include do not include emissions from 

the removal of HWP. Values beyond roughly 2011 are 

projected. 
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National Forest had on average the highest rates of CO2 sequestration during the historical period, while 

SFL and Private lands had had the lowest.  

Although forest ecosystem emissions are projected to increase and the strength of the sink may decline 

in coming decades, all ownership classes will likely maintain a net sink of CO2e (Fig. 6). Private forests 

are projected to experience the most rapid decline in the sink due to both aging and expected net forest 

loss (see section 5.1.4) (see also Appendix 11.4 Fig. A.4). However, results of ecosystem carbon stocks, 

which transfer C in harvested wood out of the forest ecosystem indicated that private lands could shift 

to a C source in 2037 (Table 5, Fig. 9). When including the emissions associated with the instantaneous 

oxidation of harvested wood from the forest ecosystem (INVGHG) as presented in Appendix 11.4, the 

results indicate that Private forests may shift to a source of CO2e in 2037.  Over the next few decades, 

Allegheny National Forest is predicted to maintain the strongest C sink (Fig. 6).   

The directional trends of stocks (increase), emissions (increase), and sequestration rates (decrease) are a 

result of multiple factors including forest aging, disturbances, land use change, and environmental 

conditions. These driving factors and the relationship between trends in carbon stocks and emissions are 

discussed in Section 5.1.4 of this report. 

5.1.2 Baseline harvested wood products carbon stocks and emissions 
In this analysis of HWP carbon stocks and 

emissions we assumed that the product sector 

started accumulating stocks in 1940 as part of a 

spin-up simulation. Thus, stocks and emissions 

contain inherited stocks from products in-use as 

well as products that have been retired to landfills 

prior to 1990.   

Carbon storage in HWP across all ownerships 

increased from an estimated 36.4 MtC in 1990 to 

61.4 MtC in 2017, sequestering 25 MtC (3.6 t C ha-

1) or 0.93 MtC per year (Fig. 12). Carbon stocks in 

products sourced from private lands sequestered 

a total of approximately 19.9 MtC (4.0 t C ha-1) 

from 1990 to 2017. For State Forests only, HWP C 

storage increased from about 2.4 MtC in 1990 to 

roughly 5.2 MtC in 2017, for a total sequestration 

of 2.8 MtC (3.4 t C ha-1) (Fig. 12, 13a). Wood sourced from Private lands accounts for about 80% of the 

carbon sequestered in wood products from 1990 to 2017, while State Forests account for 11%, Other 

Public landsτ8%, and the Allegheny National Forestτ1.0%.  

Across ownerships, most of the harvested wood carbon is stored in sawlogs followed by pulpwood. In 

2017 roughly 60% of the carbon harvested from SFL was stored in sawlogs, while pulpwood stored 

roughly 20%, and mill residues stored 11% (Fig. 13a).   

Harvested wood C storage should continue to increase even as the volume of wood harvested may level 

off. This is because the addition of carbon in the HWP pool through harvest exceeds the rate of decay of 

products. Thus if harvest rates and commodity ratios remain as they were in the recent past as in this 

 
Figure 12. Estimated accumulation of HWP 
carbon stocks (per unit area) by ownership class 
in Pennsylvania. Values beyond roughly 2011 are 
projected. 
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simulation, HWP C storage as well as the rate of carbon sequestration in HWP are still projected to 

increase as more commodities are produced (e.g. Fig. 13a). If commodities are retired and transferred to 

landfills, as we assumed in this analysis, the C is retained for many decades to centuries depending on 

the commodity resulting in long-term carbon storage even after product retirement. However, the 

timeframe for which carbon is retained after product retirement depends on commodity ratios, the 

product decay rates associated with those commodities, and end of life disposal (landfill or burning), 

which may change in the future. We explore the impacts on changing commodity ratios and harvest 

rates in the mitigation analysis.  

Although total C storage in HWP has 

increased overtime, trends in annual 

emissions have more closely followed 

harvest rates. Cumulative emissions 

from the HWP sector across all 

ownership classes were estimated to 

total 132 MtCO2e from 1990 to 2017, 

of which approximately 10 MtCO2e or 

7.5% came from wood products 

harvested on SFL. Annual HWP 

emissions between 1990 and 2017 

from SFL averaged 0.36 MtCO2e per 

year (Fig. 13b). Annual emissions on 

SFL were elevated between 2008 and 

2012 (Fig. 13b) due to elevated harvest 

volumes during this time period (Fig. 

6). Emissions are also projected to 

gradually increase over the next few 

decades as more products are retired 

and begin to slowly decay in landfills. 

While saw logs store the most C (Fig. 

13a), the annual emissions associated 

with saw logs are relatively low and 

delayed (Fig. 13b) given their longer 

lifespan compared to other products. 

On the other hand, wood used for 

bioenergy (fuelwood) produces 

immediate emissions thus do not store 

any C in HWP, while pulpwood stores C 

in short-lived paper products that also 

produce emissions relatively quickly. 

Roughly 75-80% of roundwood is processed for products and the rest ends up as mill residues. Most mill 

residues are utilized for either bioenergy (roughly 25%) or goes back into the product stream to be used 

for commodities like pulpwood (65%). As a result, although a large portion of harvested wood become 

mill residues, they account for a small fraction of HWP C storage, but almost half of all HWP emissions 

 

 
 
Figure 13. (a) Total carbon accumulation and (b) annual 

emissions by commodity type from harvested wood 

products from State Forest lands. Values beyond roughly 

2011 are projected. 
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(mill residue waste and mill residue bioenergy) as they are utilized immediately in bioenergy or other 

short-lived products. 

5.1.3 Forest sector carbon balance 
By combining the carbon storage in the 

forest ecosystem and HWP we can more 

comprehensively characterize baseline 

forest sector carbon trends. Results 

indicate that the PA forest sector has 

experienced an increase in C storage, 

indicating a net sink and is projected to 

maintain this net C sink through 2050 (see 

Fig A4, in Appendix section 11.4). Likewise, 

C storage in HWP and the forest 

ecosystem of State Forests increased from 

an estimated 198 MtC in 1990 to 208.5 

MtC in 2017 for a total increase of roughly 

10.5 MtC (Fig. 14b).  Although, HWP-only 

stored on average 2% of all forest sector 

carbon stocks, about 30% of the increase 

in stocks from 1990 to 2017 occurred in 

the product sector (Fig. 14b). If recent 

 
Figure 15. Modeled annual CO2e balance for State Forest lands, which is the sum of sequestration 
from the forest ecosystem, emissions from HWP sector, and displaced emissions from substituting 
wood products for other emission intensive materials and fossil fuels (left axis). The historical 
harvest (MtC) per year are shown by the dark green bars and the 10-year average (2002-2011) 
harvest is shown by the light green bars (right axis). Note that carbon associated with harvested 
carbon are reported in the HWP emissions only and not the net forest emissions. Values beyond 
roughly 2011 are projected. 
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Figure 14. (a) Estimated carbon accumulation in the 
forest ecosystem pools and harvested wood products 
from 1990 to 2050 for State Forests in Pennsylvania. 
Values beyond 2011 are projected.  
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